Abstract. Circulating microRNAs (miRNAs/miRs) are considered to be potential biomarkers for numerous types of cancer. However, previous investigations into the expression of miRNAs in the serum of patients with papillary thyroid carcinoma (PTC) to predict diagnosis, prognosis and recurrence have reported conflicting results, and the role of miRNAs remains unclear. The present study dynamically assessed the circulating miRNA profile in patients with PTC and determined whether miRNAs in the serum could be used as biomarkers for the diagnosis, prognosis and recurrence of PTC. The expression levels of 3 reportedly upregulated miRNAs (miR-222, miR-221 and miR-146b) were analyzed using reverse transcription-quantitative polymerase chain reaction in 106 patients with PTC, 35 patients with benign thyroid nodules (BTN) and 40 paired controls. Patients with either newly diagnosed PTC or BTN who were undergoing thyroidectomies were recruited for a dynamic analysis of preoperative and postoperative serum miRNA levels. The results indicated that the expression levels of serum miR-222, miR-221 and miR-146b were significantly increased in patients with newly diagnosed PTC compared with controls and patients with BTN. Receiver operating characteristic curve analysis indicated that these miRNAs had a high diagnostic sensitivity and specificity for PTC prior to surgery. The expression of these three miRNAs in serum was significantly associated with poorer prognostic variables, including extrathyroidal invasion, metastatic lymph nodes and high-risk or advanced tumor node metastasis stage. More notably, the present study identified 2.36-, 2.69-and 5.39-fold reductions in the serum levels of miR-222, miR-221 and miR-146b, respectively, subsequent to patients undergoing a thyroidectomy. In addition, miR-222, miR-221 and miR-146b were overexpressed in the PTC with recurrence group compared with the PTC without recurrence group. Collectively, dynamic monitoring of circulating miRNAs may serve as a non-invasive biomarker for the diagnosis of PTC and the postoperative monitoring of its progression and recurrence.
Introduction
Papillary thyroid carcinoma (PTC) is derived from the thyroid follicular epithelium. PTC is the most common type of endocrine cancer, and its rate of incidence has increased rapidly over the past several decades (1, 2) . Currently, the vast majority of newly detected PTCs are small, localized, asymptomatic tumors that are identified incidentally (3) . Therefore, the tools for diagnosing, treating and monitoring PTC are also adapting. The current challenge regarding PTC is to revise follow-up paradigms to ensure the most appropriate, cost-effective monitoring index of PTC that guarantees the best management and the quality of life for a disease that, despite an intrinsic low mortality, requires life-long follow-up care.
Thyroid ultrasound (US) is a widespread technique used as a first-line preoperative diagnostic procedure for detecting and characterizing nodular thyroid disease. US features that are associated with malignancy include hypoechogenicity, microcalcifications, an absence of a peripheral halo, irregular borders, solid aspects, intranodular blood flow and shape (taller than wide). Taken individually, each of these patterns is poorly predictive. However, when multiple patterns suggestive of malignancy are simultaneously present in a nodule, the specificity of US increases, but the sensitivity becomes unacceptably low (4, 5) .
Fine needle aspiration cytology (FNAC) is currently the best method for the differential diagnosis of thyroid nodules (6,7).
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However, FNAC has limitations associated with inadequate sampling and difficulty in discriminating follicular lesions (8) .
The prevalence of non-diagnostic and indeterminate FNAC remains high, at ~30%. The majority of these patients undergo surgery, but <20% of surgically removed nodules are malignant (6, 9, 10) . Various molecular markers, including BRAF, RAS, RET/PTC, paired box 8/peroxisome proliferator-activated receptor γ (PPARγ) and galecton-3, have been considered for indeterminate cytology according to the American Thyroid Association guidelines (5) . Although these molecular markers may aid clinicians in discriminating between PTC and BTN, the Association of Clinical Endocrinologists and the European Thyroid Association do not currently recommend these markers in routine practice. Instead, assessments using molecular markers are reserved for select cases due to their inconsistent results and relatively high costs (11) .
For the majority of patients with PTC, the prognosis is excellent, with an overall 5-year survival rate of >95%. However, up to 30% of patients with PTC suffer locoregional or distant metastatic recurrence 10 years or even 20 years following initial treatment (12, 13) . Therefore, a key issue in the management of patients with PTC is minimizing the morbidity and mortality associated with recurrent disease. Currently, there are a limited number of biomarkers are available for PTC and consist primarily of neck US or basal and recombinant human thyrotropin (rh TSH)-stimulated serum thyroglobulin (TG) measurements that may be used to identify individuals at risk of recurrence. These tests have a higher negative predictive value but a low specificity and positive predictive value (14) (15) (16) (17) . Therefore, there is a risk of subjecting numerous patients, who are likely free of disease, to extensive testing or unnecessary treatment when there is a general lack of accuracy and consensus in the diagnosis (18, 19) . Specific and sensitive non-invasive biomarkers for the detection of PTC are required to reduce the worldwide morbidity caused by cancer and as the treatment of a disease is more effective if the underlying pathology is diagnosed early.
MicroRNAs (miRNAs/miRs) are endogenous noncoding RNA molecules that are 18-25 nucleotides in length. miRNAs have been shown to perform a key role in the regulation of gene expression. There is also evidence that miRNAs are involved in central biological processes, including development, organogenesis, tissue differentiation, cell cycles and metabolism (20, 21) . Alterations in the expression of miRNA contribute to the pathogenesis of the majority of human malignancies. Recently, miRNAs have also been detected in serum, plasma, urine, saliva, and other bodily fluids (22) (23) (24) (25) . Biochemical analyses have indicated that miRNAs are resistant to RNase activity and extreme pH and temperature. The expression patterns of circulating miRNAs, particularly serum miRNAs, are clearly correlated with various diseases, including cancer, and may have potential for use as novel minimally invasive biomarkers for diagnosing and monitoring human cancer.
miRNA expression is altered in thyroid tumors, suggesting a role for miRNA in thyroid carcinogenesis (26) (27) (28) . Previous studies on miRNA deregulation have demonstrated increased aberrant miRNA expression (particularly miR-222, miR-221 and miR-146b) in PTCs when compared with normal thyroid tissues and BTN (29) (30) (31) (32) . These data indicate that miRNAs may be useful diagnostic and prognostic markers for PTC and may even function as therapeutic targets. However, the majority of these reports regarding miRNA expression are based on findings from tumor tissue specimens. Although tissue miRNA profiles may be useful for distinguishing benign from malignant lesions, obtaining the tumor tissue is not a suitable presurgical diagnosis. To date, a limited number of reports have addressed the possibility of evaluating circulating miR-222, miR-221 and miR-146b levels in patients with PTC, and their conclusions remain controversial (29, (33) (34) (35) .
These considerations provided the basis for the present study, which developed a novel screening approach that specifically detects the diagnosis and recurrence of PTC. The present study validated the expression of serum miR-222, miR-221 and miR-146b, which have previously been reported as miRNAs in tumor tissues and cell lines that are able to differentiate PTCs from BTN and controls. The present study focused on the dynamic monitoring of miRNA profiles prior to and subsequent to surgery to elucidate whether the abnormal expression of specific miRNAs is associated with the diagnosis, prognosis and recurrence of PTC and whether there are associated clinicopathological factors in patients with PTC.
Materials and methods

Patients.
A total of 106 PTC patient, of which 85 were newly clinically diagnosed with PTC and 21 cases of PTC with newly suspicious neck masses or lymph nodes subsequent to an initial curative treatment. In addition 35 patients with BTN who had single or multiple nodules and were undergoing a thyroidectomy. These patients were enrolled from the Department of Thyroid Surgery of the Second Affiliated Hospital of Harbin University (Heilongjiang, China) between September 2013 and December 2015. In total, 40 control subjects were enrolled from the Physical Examination Center of the Second Affiliated Hospital of Harbin University (Heilongjiang, China) between September 2013 and December 2015. The surgical procedure for patients with PTC was performed according to the revised American Thyroid Association management guidelines for pathway with thyroid nodules and differentiated thyroid cancer (5) . A more detailed explanation of the procedures is provided below. For patients with thyroid cancer tumors >1 cm, the initial surgical procedure must be a near-total or total thyroidectomy. If surgery is selected for patients with PTC with a tumor <1 cm without extrathyroidal extension, the unifocal surgical procedure must be a hemithyroidectomy (5) . For patients with BTN, the surgical procedure must be a hemithyroidectomy. The 40 control subjects were age-and gender-matched volunteers without a current or previous history of any other types of cancer and were confirmed to not have thyroid disease based on a neck US and thyroid hormone measurements. The characteristics of the patients with PTC in this study are presented in Table I . The clinical stage was classified according to the American Joint Committee on Cancer (2010, 7th edition) tumor node metastasis (TNM) classification system (36) . Patients were stratified into low-and high-risk PTCs according to the age, metastasis, extension and size risk-group classification (37) . All pathological results for these patients were verified by the Department of Pathology at the Second Affiliated Hospital of Harbin Medical University. Tumor recurrence was defined as new evidence of a pathologically proven recurrence in a patient who initially met the criteria for remission. The criteria for remission was no clinical or imaging evidence of tumors. The present study was approved by the Institutional Review Board of Harbin Medical University. Written informed consent was obtained from all participants involved in the present study.
Serum samples and RNA extraction. Fasting peripheral blood samples were collected in vacuum-sealed blood collection tubes from all control subjects and patients with PTC and BTN on the day of surgery. Samples from prior to and subsequent to surgery were separated into serum and cellular components within 1 h of collection by centrifugation at 1,900 x g for 15 min at 4˚C. The supernatant was carefully transferred into an RNase-free tube and centrifuged at 12,000 x g for 10 min at 4˚C to remove additional cellular debris and to minimize the contamination of cell-free nucleic acid by DNA and RNA derived from damaged blood cells. The serum samples were stored at -80˚C until RNA extraction.
Total RNA was isolated from 200 µl of serum according to the manufacturer's protocol using a miRNeasy serum/plasma kit (Qiagen GmbH, Hilden, Germany). Briefly, 1,000 µl of QIAzol lysis reagent and 3.5 µl of the miRNeasy serum/plasma spike-in control (C. elegans miR-39 miRNA mimic, 1.6x10 8 copies/µl working solution) were added to 200 µl of serum and incubated at room temperature for 5 min. The C. elegans miR-39 miRNA mimic was used as an external reference to validate whether miR-16 may be utilized as an endogenous reference. An equal volume of chloroform was added to the starting sample, and the samples were centrifuged for 15 min at 12,000 x g at 4˚C until there was complete phase separation.
The upper aqueous phase was quickly transferred to a new collection tube, and 1.5 volumes of 100% ethanol were added to the sample, which was mixed thoroughly. The sample was transferred into an RNeasy MinElute spin column (Qiagen GmbH, Hilden, Germany) in a 2 ml collection tube and centrifuged at 8,000 x g for 15 sec at room temperature and the flow-through was discarded. The RNeasy MinElute spin columns were washed with 700 µl of buffer RWT, 500 µl of buffer RPE and 80% ethanol. The precipitated RNA was resuspended in 14 µl of RNase-free water. The final elution volume was 12 µl. The concentrations of all RNA samples were quantified using a NanoDrop 1000 spectrophotometer (NanoDrop Technologies; Thermo Fisher Scientific, Inc., Wilmington, DE, USA). The concentrations of RNA extracted from plasma ranged between 15.9 and 24.7 ng/ml.
Selection and detection of miRNAs.
The miRNA candidates to be tested were selected based on the following process. Firstly, miRNAs that were enriched in normal thyroid tissues and significantly unregulated in PTC compared with normal thyroid tissues and BTN were selected (29) (30) (31) 38) . Published reports describing the analysis of circulating miRNAs in plasma or serum were then examined (29, 33) . This step was critical since miRNA expression levels in various tissues do not generally correlate with their concentrations in plasma or serum in patients with PTC (29, 33, 34) , and the serum or plasma levels of tissue-enriched miRNAs can be significantly lower compared with levels of ubiquitous miRNAs. Finally, miRNAs that were significantly associated with a poor prognosis of PTC were selected (29, 30, 33, 34, 38, 39) . Based on this selection procedure, 3 miRNAs (miR-222, miR-221 and miR-146b) were selected as candidate targets for the serum miRNA assay.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
First-strand cDNA synthesis of miRNA was performed using a miRcute miRNA first-strand cDNA synthesis kit (Tiangen Biotech Co. Ltd., Beijing, China) according to the manufacturer's protocol. Reverse transcription was conducted on a GeneAmp PCR System 9700 (Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Briefly, 5 µl of total RNA was extracted from plasma, polyadenylated by poly (A)polymerase and reverse transcribed to cDNA according to the manufacturer's protocol. The cycle parameter for the reverse transcription reaction was 37˚C for 60 min. cDNA was stored at 20˚C prior to use.
RT-qPCR was performed in duplicate using the SYBR Green PCR master mix (miRcute miRNA qPCR detection kit; Tiangen Biotech Co., Ltd.) with the Stratagene Mx3000PTM real-time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.). miRNA-specific primer sequences were designed based on the miRBase database by Primer Premier 5.0 and are presented in Table II . Each reaction was performed in a final volume of 20 µl containing 2 µl of the cDNA, 0.4 µl of each primer and 10 µl of SYBR Green PCR Master mix (Tiangen Biotech Co., Ltd.). The amplification cycle was denaturation at 94˚C for 2 min followed by 45 cycles at 94˚C for 20 sec and 60˚C for 34 sec. All real-time PCR reactions were performed in triplicate.
miR-16 has been used as an endogenous reference for serum and plasma miRNA analysis in several studies (40) (41) (42) (43) (44) . It is highly expressed in plasma and serum and is relatively invariant across large numbers of samples, as reported by Kroh et al (40) . Therefore, the present study utilized miR-16 as the endogenous serum control. ΔCq was calculated by subtracting the Cq value of miR-16 from the Cq value of the miRNA of interest. ΔΔCq was then calculated by subtracting ΔCq of the control group from ΔCq of the disease group. The fold-change in the expression of each miRNA was determined by comparing the mean 2 -ΔΔCq values of the PTC and BTN groups to the mean 2 -ΔΔCq value of the control group (45) .
Statistical analysis. Statistical analysis was performed using SPSS version 17.0 (SPSS, Inc., Chicago, IL, USA). The Mann-Whitney U test was used to determine the significance of the different levels of miRNA expression. Fisher's exact test was used to measure the characteristics in the PTC with recurrence (PTC-RC) and PTC without recurrence (PTC-NR) groups. Receiver operating characteristic (ROC) curves were used to analyze the diagnostic utility of differentially expressed miRNAs. The optimal cutoff point was selected as the value with the maximal sum of sensitivity and specificity. The levels of miRNA in each group were defined by the median and interquartile range (IQR). All P-values were two-sided. P<0.05 was considered to indicate a statistically significant difference.
Results
Analysis of circulating miR-16 in serum.
Initially, the presence of circulating miR-16 in serum was analyzed.
Cel-miR-39 expression levels in serum from patients with PTC were similar to those observed in the BTN and control groups. There was no significant difference among these 3 groups (P= 0.808, P= 0.828 and P= 0.959, respectively; Fig. 1 ).
To confirm that the present results were not due to technical biases, miR-16 was normalized with spiked cel-miR-39 and no Serum miRNA expression patterns in patients with PTC or BTN and control subjects. The present study used RT-qPCR to measure the expression levels of serum miR-222, miR-221 and miR-146b from all enrolled subjects. No significant differences were identified in terms of age or sex among the 3 groups (P= 0.288 and P= 0.940, respectively). The serum levels of miR-222, miR-221 and miR-146b were significantly higher in patients with newly diagnosed PTC compared with those with BTN or in the control subjects (P<0.001 and P<0.001, 
P<0.01). Relative expression is presented as 2
-∆∆Cq values. All P-values were determined using the Mann-Whitney U test. miR, microRNA; PTC, papillary thyroid carcinoma; BTN, benign thyroid nodules; pre, preoperative; post, postoperative. respectively; Fig. 3 ). The fold-changes were 1.79, 2.58 and 2.48, respectively, compared with the controls. In addition, miR-221 was overexpressed in patients with BTN compared with control subjects (P<0.001), with a fold-change of 1.98. However, no significant difference was identified in the serum levels of miR-222 and miR-146b between patients with BTN and control patients (P=0.983 and P=0.232, respectively).
An ROC curve analysis was used to evaluate the diagnostic value of serum miR-222, miR-221 and miR-146b levels for PTC. A comparison of the PTC and control groups indicated that using all 3 miRNAs produces an area under the curve (AUC) of 0. (Fig. 4) .
Correlation of miRNA levels and clinicopathological characteristics of PTC. As the levels of miR-222, miR-221 and miR-146b were significantly elevated in newly diagnosed patients with PTC, the present study also assessed whether any of the clinicopathological features of PTCs were associated with differential expression levels of the 3 miRNAs. The results indicated that serum miR-222, miR-221 and miR-146b levels were significantly higher in patients with extrathyroid invasion (P<0.001, P=0.010 and P=0.012, respectively); patients with advanced TNM stage (III/IV; P<0.001, P<0.001 and P=0.001, respectively); high-risk patients (P<0.001, P=0.002 and P=0.001, respectively); patients with metastatic lymph nodes (P=0.008, P=0.001 and P=0.007, respectively); patients with bilateral tumors (P=0.041, P=0.032 and P=0.008, respectively). The present results also indicate that serum miR-222 overexpression is clearly associated with tumor size (>2 cm, P=0.024) and that serum miR-221 overexpression is associated with multifocal lesions (P=0.031). The levels of these 3 miRNAs were not correlated with age or gender in any group (P>0.05, Table I ). In addition, no significant differences were found between patients with solitary or multifocal BTN (P=0.537, P=0.405 and P=0.309, respectively).
Dynamic monitoring of miRNAs in the serum of PTC and BTN patients prior to and subsequent to surgery.
To additionally investigate whether levels of specific circulating miRNAs may be used to monitor postoperative progression, miR-222, miR-221 and miR-146b were evaluated via subsequent RT-qPCR during varied postoperative periods in the same patients (Fig. 5) . The time points included a preoperative sample and samples at 1, 3, 6 and 12 months postoperatively in the PTC and BTN groups, including 28 patients with PTC and 16 patients with BTN. miR-222, miR-221 and miR-146b rapidly decreased 1 month following surgery compared with their preoperative levels (P<0.001, P<0.001 and P<0.001, respectively) in the PTC group. The fold-changes of miR-222, miR-221 and miR-146b were 2.36, 2.69 and 5.39, respectively, in the PTC group prior to surgery compared with 1 month subsequent to surgery. In addition, the levels of miR-222, miR-221 and miR-146b decreased between 1 and 12 months following surgery in the PTC group. miR-222, miR-221 and miR-146b levels also decreased gradually and had significant differences at 3 months compared with 6 months following surgery in the PTC group (P<0.001, P=0.003 and P=0.022, respectively). A similar pattern was observed for miR-146b expression in the BTN group, with rapidly decreased expression following surgery (P=0.010). The fold-change of miR-146b was 2.88 in the BTN group prior to surgery compared with 1 month subsequent to surgery. No change was identified between the miR-222 and miR-221 expression levels prior to surgery and 1, 3, 6 and 12 months following surgery in the BTN group (P>0.05). However, miR-146b increased at 1 month following surgery compared with 3 months following surgery (P=0.001). Figure 6 . The relative expression levels of (A) miR-222, (B) miR-221 and (C) miR-146b in patients with PTC with a hemithyroidectomy (n=10) and a total thyroidectomy (n=18) groups at preoperative levels, and 1, 3, 6 and 12 months postoperatively. The three miRNA levels were not significantly different in the hemithyroidectomy group relative to the total thyroidectomy group prior to and subsequent to surgery (P>0.05 for all comparisons). miR, microRNA; PTC, papillary thyroid carcinoma; pre, preoperative; post, postoperative.
There was also no observed difference in the miR-222, miR-221 and miR-146b expression levels for patients with PTC undergoing hemithyroidectomy or total thyroidectomy prior to and subsequent to surgery (P>0.05, Fig. 6 ).
Differentially expressed miRNAs in the serum of PTC with and without recurrence following initial surgery. In the present study, 21 patients with a history of thyroidectomy due to PTC were recruited as they had newly emerged lymph nodules or invasions in other locations that were suspicious of recurrence and were detected by cervical ultrasonography and medical examinations (Table III) . A total of 12 patients were confirmed to have recurrence, and the remaining 9 patients were diagnosed with no recurrence by histology following a second surgical procedure. Of the 12 patients with recurrence, 7 developed a recurrence in the central neck lymph nodes, 4 in the lateral neck lymph nodes and 1 in the perithyroid soft tissues and lateral neck lymph nodes. The median time of recurrence was 52 months (range, 10-124 months). It was demonstrated that miR-222, miR-221 and miR-146b levels were significantly elevated in the PTC-RC group of patients compared with the PTC-NR group of patients (P<0.001) and controls (P<0.001). The relative expression levels of miR-222, miR-221 and miR-146b in the PTC-RC group (n=12; median=7.53, 4.63 and 4.60; range=3.38-9.53, 3.58-7.52 and 3.66-13.14, respectively; Fig. 7) were significantly increased compared with the control (n=20; median=1.09, 1.14 and 1.23; range=0.80-1.20, 0.81-1.49 and 0.70-1.71, respectively; Fig. 7 ) and PTC-NR groups (n=9; median=1.16, 1.53 and 2.25; range=0. 96-1.53, 1.40-1.68 and 1.88-3.02, respectively; Fig. 7 ). In addition, miR-221 and miR-146b levels were significantly Relative expression of miR-222, miR-221 and miR-146b is presented as the median and interquartile range. P-values were calculated using Fisher's exact test. Serum levels of miR-222, miR-221 and miR-146b were significantly higher in PTC-RC compared with in PTC-NR (P<0.001). P-values were determined using the Mann-Whitney U test. PTC-RC, papillary thyroid carcinoma with recurrence; PTC-NR, papillary thyroid carcinoma without recurrence; SD, standard deviation; TNM, tumor node metastasis; AMES, age, metastasis, extent and size; DFS, disease-free survival; miR, microRNA; RQ, relative expression; IQR, interquartile range.
elevated in the PTC-NR group of patients compared with controls (P=0.022 and P=0.002, respectively; Fig. 7 ).
Discussion
Since miRNAs were first identified in Caenorhabditis elegans in 1993 by Lee et al (46) . To date, >1,000 human miRNAs have been reported in the miRBase sequence database (47) . The majority of previous studies have examined miRNA expression in tumor cells and tissues from patients with PTC (32, (48) (49) (50) (51) . Although tissue miRNA profiles are useful for distinguishing BTN from PTC, obtaining tissue requires an invasive procedure, and these profiles are not able to be used as biomarkers for presurgical diagnoses. By contrast, serum sampling is minimally invasive and easy to perform, making it attractive when exploring potential biomarkers. There are several advantages to measuring levels of circulating miRNAs. Firstly, as nucleotide non-coding RNA, miRNA can be amplified and detected with high sensitivity and specificity in serum, plasma and other bodily fluids. Secondly, miRNA arrays and RT-qPCR methodologies allow the quantification of numerous miRNAs in a single experiment. The combined analysis of miRNAs and their co-expression patterns (miRNA networks) may enhance their predictive power. miRNAs are also relatively stable over time in the human blood and appear to be protected from degradation through various mechanisms (44) . The stability of miRNA in bodily fluids and the numerous changes in expression in cancer suggest that circulating miRNAs may possess a diagnostic value. Previous studies have measured circulating miRNAs in serum and plasma as noninvasive biomarkers for cancer, including lung, breast and colorectal cancer (52) (53) (54) (55) (56) .
To date, a limited number of studies have addressed the use of circulating miRNA quantification in patients with PTC. Yu et al (33) first reported that miR-222, miR-151-5p and let-7e were significantly overexpressed in patients with PTC compared with either patients with benign nodule or controls (33) . Expression of these miRNAs correlated with certain clinicopathological variables, including nodal status, tumor size, multifocal lesion status and TNM stage, and the expression levels decreased significantly following tumor excision in patients with PTC (33) . Another study performed in Australia identified serum expression levels of miR-222, miR-221 and miR-146b that were much higher in patients with PTC compared with in healthy controls and decreased significantly in postoperative patients with PTC compared with the preoperative levels (29) . The same study also revealed that the plasma levels of miR-222, miR-221 and miR-146b were significantly overexpressed in preoperative patients with multinodular goiters compared with healthy controls. However, no significant difference was observed between the PTC and multinodular goiter groups prior to surgery (29) . In addition, the study also demonstrated that miR-222 and miR-146b were overexpressed in tumor tissue samples of patients with PTC-RC compared with patients with PTC-NC (29) . However, the expression of miR-222 and miR-146b in serum was not detected (29) . By contrast, Lee et al (35) reported that the expression levels of miR-222 and miR-221 in the PTC group were increased compared with those in the benign group; however, these differences were not significant. Cantara et al (34) also identified miR-190 and miR-95 as being overexpressed in the serum of patients with PTC compared with patients with BTN and controls.
Although these studies have offered promising evidence that identifying circulating miRNAs is useful and formed the basis for our study, there remains controversy and ambiguity in these findings. Firstly, the diagnostic value of miR-222 and miR-146b were determined in patients with PTC compared with patients with BTN and healthy controls. Secondly, it was unclear whether the group with benign nodules in these studies had solitary nodules, multinodular goiter, or solitary nodules and multinodular goiter. In addition, these studies did not determine whether the circulating miRNAs are able to distinguish between patients with and without recurrence. Finally, the dynamic expression patterns of circulating miRNA have not yet been clearly elucidated. Therefore, additional studies are required to more comprehensively determine whether the presence of circulating miRNAs is able to determine diagnosis, prognosis and recurrence.
Therefore, the present study analyzed miRNA expression in the serum from a cohort of patients with PTC, patients with BTN and controls and reported 4 significant observations. Firstly, it was revealed that miR-222, miR-221 and miR-146b in patients with PTC were overexpressed in serum compared with patients with BTN and control subjects, as detected using RT-qPCR. The diagnostic value of these three miRNAs was also investigated using an ROC curve analysis, and the present study demonstrated that these three miRNAs may represent promising biomarkers and serve as an accurate diagnostic tool for the preoperative diagnosis of PTC. Secondly, the present study also reported the association between the expression levels of the three miRNAs and various clinicopathological features of patients with PTC. The analysis indicated that all three elevated miRNAs were associated with lymph node metastasis, extrathyroid invasion, advanced TNM stage, bilateral thyroid lesions and high risk patients. In addition, miR-222 was significantly associated with tumor size (>2 cm), and miR-221 was significantly associated with multifocal lesions.
The present study dynamically monitored these miRNAs at 1, 3, 6 and 12 months following surgery and revealed that their expression levels decreased rapidly in serum following surgery in the PTC group. Additionally, the expression levels of miR-222, miR-221 and miR-146b gradually decreased between 3 and 6 months following surgery in the PTC group. A similar pattern was observed with miR-146b expression in the BTN group prior to and subsequent to surgery. However, the miR-222 and miR-221 levels were stable and did not change significantly following surgery in the BTN group. The miR-146b level increased at 1 month following surgery compared with 3 months subsequent to surgery. The present study also confirmed that the miR-222, miR-221 and miR-146b expression levels in patients with PTC-RC were significantly increased compared with patients with PTC-NR or controls.
Several studies have reported the function and mechanism of upregulated miR-146b in PTC. Yip et al (57) and Wang et al (30) demonstrated that miR-146b and miR-222 are significantly overexpressed in aggressive PTC compared with nonaggressive PTC. Among BRAF-positive tumors, overexpression of miR-146b is associated with aggressive behavior, suggesting that it may additionally refine the prognostic significance of BRAF (58, 59) . Previous studies have revealed that the overexpression of miR-146b was associated with PTC carcinogenesis and was associated with extrathyroidal invasion, advanced stages, BRAF mutations, large tumor sizes (>2 cm) and lower overall survival rates in patients with PTC (38, (57) (58) (59) . These results highlight the importance of miR-146b in determining the aggression of PTC and may aid the identification of potential gene targets associated with tumor aggression in PTC. The present study demonstrated that serum miR-146b expression levels possess a poor prognostic value when dynamically monitoring patients with PTC. The target genes regulated by miR-146b remain largely unknown, and little has been reported regarding the molecular mechanisms by which miR-146b influences tumor aggression in PTC. Previously, Geraldo et al (60) demonstrated that miR-146b regulates the signal transduction pathways of transforming growth factor-β (TGF-β) by repressing SMAD4 in thyroid tumorigenesis. miR-146b overexpression in PCCL3 cells also significantly increases cellular proliferation in the absence of TSH and confers resistance to TGF-β-mediated cell cycle arrest (61) .
Previous studies have indicated that the miR-222 and miR-221 expression levels in the tumor tissues of patients with PTC are significantly increased compared with in patients with BTN and controls, and are closely associated with lymph node metastasis, advanced TNM stage and extrathyroidal invasion in patients with PTC (51, (62) (63) (64) (65) . Similar to previous studies, analysis in the present study indicated that elevated serum miR-222 and miR-221 levels are associated with lymph node metastasis, extrathyroidal invasion, advanced TNM stage and high risk in PTC patients. The present study initially identified that the overexpression of serum miR-222 is clearly associated with tumor size (>2 cm), and the overexpression of serum miR-221 is associated with bilateral tumor location in patients with PTC. As the two miRNAs are clustered on the X chromosome, they may be encoded by a single polycistronas previously suggested (66, 67) . Previous studies (68) (69) (70) (71) have indicated that the target genes of miR-222 and miR-221 are p27, p57 and PUMA, and that these may perform essential roles in thyroid oncogenesis (72) .
The dynamic expression patterns of circulating miRNAs have not yet been clearly and systematically reported for various cancer types, including PTC. Lee et al (29) identified that the plasma levels of miR-222, miR-221 and miR-146b decreased significantly in patients subsequent to a total thyroidectomy with central lymph node dissection between 2 and 6 weeks following surgery. To the best of our knowledge, the present study is the first to dynamically monitor 3 serum miRNAs at 1 year following surgery in patients with PTC. To additionally investigate whether the levels of these 3 miRNAs may be used to monitor postoperative progression, 3 miRNAs were used to perform the subsequent validation at different postoperative time points, including 1, 3, 6 and 12 months, in patients with PTC or BTN. The 3 miRNAs exhibited different expression levels in postoperative patients with PTC 12 months following surgery, and the expression levels steadily decreased at 1, 3, 6 and 12 months following surgery. It is speculated that these serum miRNAs are released into the peripheral blood from thyroid tissues and that they correlate closely with the development of PTC.
At present, no conclusive evidence has identified patients who are at higher risk of recurrence. Due to the alterations of these miRNA levels following thyroidectomy, studies with larger numbers of patients are required to confirm whether these miRNAs can serve as biomarkers for monitoring tumor recurrence and predicting prognosis. Lee et al (29) identified miR-222 and miR-146b as molecular markers of recurrence in tumor tissues; however, they did not measure serum expression in patients with PTC with recurrence. The present study is the first to compare these miRNAs in serum between patients with PTC with and without recurrence with either newly emerged lymph nodules or suspicious new neck masses following an initial thyroidectomy due to PTC. Recurrence was confirmed by pathology. The present results indicate that serum miR-222, miR-221 and miR-146b increased significantly in patients with recurrence compared with patients without recurrence and control subjects.
Serum miRNA levels may be tested periodically to monitor patients with suspected PTC or recurrence, preferably at clinically asymmetric stages. Based on the present results, a screening test for the expression of miRNA in serum would have a number of advantages. Firstly, since the test would be performed on a large population, it should be minimally invasive or noninvasive. Secondly, the presence, stability and reliable detectability of miRNA in serum make this sample easily obtained by minimally invasive methods. In addition, the screen is a cost-efficient test that can be performed using RT-qPCR. Finally, the expression levels of serum miRNA are specific and sensitive for PTC and are a potential tool for long-term surveillance. Therefore, this screen may be particularly useful in patients for whom the measurement of serum TG is not suitable, including patients with anti-TG antibodies or whose tumors have lost TG expression.
Several limitations of the present study must be noted. Firstly, this study is a randomized multicenter controlled trial with a selection bias for patients with PTC and BTN. Secondly, the miRNAs identified in the present study differed from those reported in other studies. It is speculated that this difference may be due to different genetic backgrounds and clinicopathological features of patients with PTC and BTN. Thirdly, the relatively small sample size and short-term follow-up resulted in insufficient information regarding prognosis and recurrence. Additional investigations with a larger cohort of samples and long-term follow-up are required to validate the observations of the present study.
In conclusion, the present study demonstrated that miR-222, miR-221 and miR-146b were overexpressed in patients with PTC compared with patients with BTN and controls, and their expression was associated with certain poorer prognostic variables. The present results also indicated that miR-222, miR-221 and miR-146b may serve as indexes for dynamic monitoring in patients with PTC, and these miRNAs are associated with PTC-RC. Therefore, miR-222, miR-221 and miR-146b have the potential to be novel non-invasive and effective diagnostic, prognostic and recurrent biomarkers for patients with PTC prior to and subsequent to surgery.
